Introduction {#Sec1}
============

Nowadays organizations often define procedures describing how their processes should be performed to satisfy a set of constraints, e.g., to minimize the throughput time or to comply with rules and regulations. A widely used formalism to represent these procedures consists in so-called *process models*, that are graphic or logic formalism representing constraints defined on organization processes, e.g., by the order of execution of the activities. However, it is well documented in literature that real process behavior often deviates from the expected process, which often leads to performance issues or opens the way to costly frauds \[[@CR12]\]. In recent years, the increasing use by organizations of information systems (e.g., ERP, SAP, MRP and so on) to support and track the execution of their processes enabled the development of automatic, data-driven techniques to assess the compliance level of the real process behavior. Among them, *Conformance checking* techniques have been gaining increasing attention both from practitioners and academics  \[[@CR1], [@CR2], [@CR5], [@CR6], [@CR23]\]. Given an *event log*, i.e., a log file tracking data related to activities performed during process executions, conformance checking techniques are able to pinpoint discrepancies (aka, deviations) between the log and the corresponding model. While classic conformance checking techniques only deal with the *control-flow* of the process, i.e., the activities execution order, in recent years also some *multi-perspective conformance checking*, aimed to deal also with data constraints, have become more and more relevant \[[@CR23], [@CR25]\].

Nevertheless, there are still several open challenges to implement multi-perspective conformance checking. Among them, here we focus on the lack of appropriate modeling mechanisms for dealing with the *uncertainty* and *graduality* often characterizing human-decisions in real-world processes. State of the art techniques implement a *crisp* approach: every execution of an activity is considered as either *completely wrong* or *completely correct*. \[[@CR13], [@CR23], [@CR25]\].

While this assumption is well grounded to deal with the control-flow (indeed, each activity is either executed at the right moment, or it is not), when addressing data constraints it can easily lead to misleading results. A well-known example of this issue can be found in the healthcare domain. Let us assume that a surgery department implements a guideline stating that the systolic blood pressure (SBP) of a patient has to be lower than 140 to proceed with a surgery. It is reasonable to expect that sometimes clinicians will not refuse to operate patients whose SBP is 141, since this is quite a small deviation and delaying the surgery could be more dangerous for the patient. Clearly, surgeries performed with this value of SBP are likely to be much less problematic than surgeries performed with a SBP equal to, e.g., 160. However, conformance checking techniques would simply mark both these cases as 'not compliant ', without allowing for any distinction. This behavior is undesirable, since it is likely to return in output a plethora of not-interesting deviations, at the same time hiding those which could deserve further investigation. We investigated this issue in our previous work \[[@CR29]\], where we proposed to use fuzzy sets, which are used to present the flexibility in the constraints and the goals in fuzzy optimization \[[@CR20]\], to determine the severity of violations of a single soft constraint per activity.

However, the previous work used basic strategy of standard conformance checking techniques for dealing with *multiple constraints deviations*; namely, the total degree of data deviations of that activity is computed by summing up the costs for all the violated constraints. This strategy poses some important limitations when investigating the data compliance. First, it introduces an asymmetry in the assessment of control-flow and data deviations. While control-flow deviations for each activity express the level of compliance of the activity to control-flow constraints (either fully compliant or wrong), in the presence of multiple data constraints the obtained value does not give an indication of the overall level of compliance to the constraints set. Furthermore, no customization to the user's needs is provided. First, in this setting data violations tend to be considered more severe than control-flow ones, even if this might not fit with user's intention. Furthermore, different contexts might require tailored functions to assess multiple data deviations severity.

In this paper, we address this issue by proposing a novel fuzzy conformance checking methodology based on the use of aggregation functions, which have been proved feasible for modeling simultaneous satisfaction of aggregated criteria \[[@CR20]\]. With respect to previous work, the approach brings two main contributions: a) it applies fuzzy aggregation operators to assess the level of deviation severity for a set of constraints, and b) it allows to customize the tolerance to deviations of multiple constraints. As a proof-of-concept, we tested the approach over synthetic data.

The remainder of this paper is organized as follows. Section [2](#Sec2){ref-type="sec"} introduces a running example to discuss the motivation of this work. Section [3](#Sec3){ref-type="sec"} introduces basic formal notions. Section [4](#Sec6){ref-type="sec"} illustrates our approach, and Sect. [5](#Sec9){ref-type="sec"} presents results obtained by a set of synthetic experiments. Section [6](#Sec12){ref-type="sec"} discusses related work. Finally, Sect. [7](#Sec13){ref-type="sec"} draws some conclusions and presents future work.

Motivation {#Sec2}
==========

Consider, as a running example, a loan management process derived from previous work on the event log of a financial institute made available for the BPI2012 challenge \[[@CR3], [@CR15]\]. Figure [1](#Fig1){ref-type="fig"} shows the process in BPMN notation. The process starts with the submission of a loan application. Then, the application passes through a first assessment of the applicant's requirements and, if the requested amount is greater than 10000 euros, also through a more thorough fraud detection analysis. If the application is not eligible, the process ends. Otherwise, the application is accepted, an offer to be sent to the customer is selected and the details of the application are finalized. After the offer has been created and sent to the customer, the latter is contacted to discuss the offer with her. At the end of the negotiation, the agreed application is registered on the system. At this point, further checks can be performed on the application, if the overall duration is still below 30 days and the Amount is larger than 10000, before approving it.Fig. 1.The loan management process.

Let us assume that this process is supported by some system able to track the execution of its activities in a so-called event log. In practice, this is a collection of *traces*, i.e., sequences of activities performed within the same process execution, each storing information like the execution timestamp of the execution, or other data element \[[@CR1]\]. As an example, let us consider the following traces[1](#Fn1){ref-type="fn"} showing two executions of the process in Fig. [1](#Fig1){ref-type="fig"} (note that we use acronyms rather than complete activity names) : $\documentclass[12pt]{minimal}
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Preliminaries {#Sec3}
=============

This section introduces a set of concepts that will be used through the paper.

Conformance Checking: Aligning Event Logs and Models {#Sec4}
----------------------------------------------------

Conformance checking techniques detect discrepancies between a process model and the real process execution. Here we define the notion of process model using the notation from \[[@CR2]\], enriched with data-related notions explained in \[[@CR13]\].

### Definition 1 (Process model) {#FPar1}
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### Example 1 {#FPar2}
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As shown in Example [1](#FPar2){ref-type="sec"}, there can be multiple possible alignments for a given log trace and process model. Our goal is to find the *optimal alignment*, i.e., the alignment with minimum cost. To this end, the severity of deviations is assessed by means of a *cost function*.

### Definition 2 (Cost function, Optimal Alignment) {#FPar3}
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Fuzzy Set Aggregation Operators {#Sec5}
-------------------------------

*Aggregation operations* (AOs) are mathematical functions that satisfy minimal boundary and monotonicity conditions, and are often used for modeling decision making processes, since they allow to specify how to combine the different criteria that are relevant when making a decision \[[@CR17], [@CR27]\].

In literature, many AOs have been defined (see \[[@CR18], [@CR19], [@CR22]\] for an overview), with different level of complexity and different interpretations. A commonly used class of aggregation operators are the t-norms, which are used to model conjunction of fuzzy sets. In compliance analysis, one often tries to satisfy all constraints on the data, and so t-norms are suitable operators for modeling soft constraints in compliance analysis. Widely used t-norms are the minimum, product and the Yager operators \[[@CR21]\].

In addition to the t-norms, other aggregation operators could also be used, depending on the goals of the compliance analysis. We do not consider other types of aggregation operators in this paper, but, in general, one could use the full flexibility of different classes of fuzzy set aggregation operators that have been used in decision making (see, e.g. \[[@CR11]\]).

Proposed Compliance Analysis Method {#Sec6}
===================================

We introduce a compliance checking approach tailored to dealing with decision tasks under multiple guards, to enhance the flexibility of the compliance assessing procedure. To this end, we investigate the use of AOs.

Aggregated Cost Function {#Sec7}
------------------------

Compliance checking in process analysis is based on the concept of alignment between a process model and a process trace that minimizes a cost of misalignment. The computation of an optimal alignment relies on the definition of a proper cost function for the possible kind of moves (see Sect. [3](#Sec3){ref-type="sec"}). Most of state-of-the art approaches adopt (variants of) the standard distance function defined in \[[@CR2]\], which sets a cost of 1 for every move on log/model (excluding invisible transitions), and a cost of 0 for synchronous moves. Multi-perspective approaches extend the standard cost function to include data costs. Elaborating upon these approaches, in previous work \[[@CR29]\] we defined our fuzzy cost function as follows.

### Definition 3 (Data-aware fuzzy cost function) {#FPar4}
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This cost function assigns a cost equal to 1 for a move in log; 1 plus the number of variables that should have been written by the activity for a move in model; finally, the sum of the cost of the deviations (1-$\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _i$$\end{document}$) for the data variables if it's a move in both. Note that the latter consider both the case of move with incorrect and incorrect data. As discussed in Sect. [2](#Sec2){ref-type="sec"}, summing up all the data cost presents important limitations to assess the conformance of multiple constraints. Therefore, in the present work, we propose a new version of our fuzzy cost function with the goal of standardize every move within the range (0,1) and allow the user to customize the cost function to her needs.

### Definition 4 (AOs based cost function) {#FPar5}
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Using A\* to Find the Optimal Alignment {#Sec8}
---------------------------------------

The problem of finding an optimal alignment is usually formulated as a search problem in a directed graph \[[@CR14]\]. Let $\documentclass[12pt]{minimal}
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### Example 2 {#FPar6}

Let us analyze possible moves to assign to the activity $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W\_F\_A$$\end{document}$ in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _1$$\end{document}$. Let us assume that the memberships of the variables are $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _A =0.4$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _D =0.2$$\end{document}$. According to ([2](#Equ2){ref-type=""}) and *Product* t-norm we get the fuzzy cost function $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k(S_L,S_M)$$\end{document}$.$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} k(S_L,S_M)= {\left\{ \begin{array}{ll} 1 &{} \text {, } move\ in\ log\\ 1 &{} \text {, } move\ in\ model\\ 1-\mu _A\cdot \mu _D &{} \text {, } move\ in\ both \end{array}\right. } \end{aligned}$$\end{document}$$Figure [2](#Fig2){ref-type="fig"} shows the portion of the space states for the alignment building of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _1$$\end{document}$. At node $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\#11$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f=0$$\end{document}$, since no deviations occurred so far. From here, there are two possible moves that could be selected, one representing a move on log (on the left), one a move on model (on the right) and finally a move in both (in the middle). Since using the *Product* aggregation the data cost is equal to 0.92, the algorithm selects the move in both, being the one with the lowest cost.Fig. 2.The alignment with the new aggregated function.

Experiment and Result {#Sec9}
=====================

This section describes a set of experiments we performed to obtain a proof-of-concept of the approach. We compared the diagnostics returned by an existing approach \[[@CR29]\] and our new cost functions with three $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t-norm$$\end{document}$ aggregations. More precisely, we aimed to get the answer to the question: *what is the impact of different aggregation operations on the obtained alignments?* In particular, we assess the impact of the aggregation function in terms of a) differences in the overall deviation cost, and b) difference in terms of the interpretation, i.e., the moves selected by the alignment algorithm as the best explanation for the deviation.

Settings {#Sec10}
--------

In order to get meaningful insights on the behavior we can reasonably expect by applying the approach in the real world, we employ a realistic synthetic event log, consisting of 50000, introduced in a former paper \[[@CR16]\], obtained starting from one real-life logs, i.e., the event log of the BPI2012 challenge[2](#Fn2){ref-type="fn"}. We evaluated the compliance of this log against a simplified version of the process model in \[[@CR16]\], to which we added few data constraints (see Fig. [1](#Fig1){ref-type="fig"}). The approach has been implemented as an extension to the tool developed by \[[@CR28]\], designed to deal with BPMN models. Our process model involves two constraints for the activity $\documentclass[12pt]{minimal}
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Here we assume that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Amount \in (3050,10000)$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Duration \in (30,70)$$\end{document}$ represent a tolerable violation range for the variables. Since we cannot refer to experts' knowledge, we derived these values from simple descriptive statistics. In particular, we considered values falling within the third quartile as acceptable. The underlying logic is that values which tend to occur repeatedly are likely to indicate acceptable situations. Regarding the shape of the membership functions for the variables, here we apply the linear function $\documentclass[12pt]{minimal}
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When data deviations and control-flow deviations show the same cost, we picked the control-flow move. This assumption simulates what we would do in a real-world context. Indeed, without a-priori knowledge on the right explanation, it is reasonable to assume that it is more likely that the error was executing the activity, rather than accepting out-of-range data deviations.

Results {#Sec11}
-------
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                \begin{document}$$\hbox {Product}$$\end{document}$ behave similarly, and the difference can likely be explained with the 18 traces of difference discussed above. While the absolute difference among the costs is not very relevant, these results show that both the alignments and the assessment of the deviations are impacted by the choice of the cost function, thus highlighting once again the need for a more flexible approach to compliance assessment allowing the user to tailor the cost function to her context.

Related Work {#Sec12}
============

During the last decades, several conformance checking techniques have been proposed. Some approaches \[[@CR9], [@CR10], [@CR26]\] propose to check whether event traces satisfy a set of compliance rules, typically represented using declarative modeling. Rozinat and van der Aalst \[[@CR24]\] propose a token-based technique to replay event traces over a process model to detect deviations, which, however, has been shown to provide misleading diagnostics in some contexts \[[@CR4]\]. Recently, alignments have been proposed as a robust approach to conformance checking based on the use of a cost function \[[@CR2]\]. While most of alignment-based approaches use the standard distance cost function as defined by \[[@CR2]\], some variants have been proposed to enhance the provided diagnostics, e.g., the work of Alizadeh et al. \[[@CR8]\], which computes the cost function by analyzing historical logging data. Besides the control flow, there are also other perspectives like data, or resources, that are often crucial for compliance checking analysis. Few approaches have investigated how to include these perspectives in the analysis: \[[@CR7]\] extends the approach in \[[@CR8]\] by taking into account data describing the contexts in which the activities occurred. Some approaches proposed to compute the control-flow first then assessing the compliance with respect to the data perspective, e.g. \[[@CR13]\]. These methods gives priority to check the control flow, with the result that some important deviations can be missed. \[[@CR23]\] introduces a cost function balancing different perspectives, thus obtaining more precise diagnostics. The approaches mentioned so far assume a crisp evaluation of deviations. To the best of our knowledge, the only work which explored the use of a fuzzy cost function is our previous work \[[@CR29]\] which, however, did not consider multiple constraints violation.

Conclusion {#Sec13}
==========

In this work, we investigated the use of fuzzy aggregation operations in conformance checking of process executions to deal with multiple data constraints for an activity. The proposed approach enhances significantly the flexibility of compliance checking, allowing the human analyst to customize the compliance diagnostic according to her needs. We elaborated upon the relevance of this aspect both theoretically and with some examples.

As a proof of concept, we implemented the approach and tested it over a synthetic dataset, comparing results obtained by cost functions with classic sum function and three different aggregations. The experiments confirmed that the approach generates more "balanced" diagnostics, and introduces the capability of personalizing the acceptance of deviations for multiple guards.

Nevertheless, there are several research directions still to be explored. In future work, first we plan to test our approach with real-world data. Furthermore, we intend to investigate the usage of different aggregation functions, as well as the possibility of extending the notion of aggregation to take into account also other kinds of deviations. Finally, we intend to investigate potential applications, for example in terms of on-line process monitoring and support, with the aim of enhancing the system resilience to exceptions and unforeseen events.
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                \begin{document}$$\bot $$\end{document}$ means that no variable values are changed when executing the activity.

<https://www.win.tue.nl/bpi/doku.php?id=2012:challenge>.
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